Abstract. Scanning electron microscopy (SEM) is used to observe the fracture surface morphology of Q235 steel. The cracking law/crack rule principle of strip surface under tension is studied via universal tensile testing machine. The results show that the thickness of the scale is relatively uniform, about 10 μm, and the structure is dense and well attached to the matrix. Tensile experiments show that as the strain increases, the cracks increase slowly in the initial stage, rapidly in the middle period, and slowly in the final period. When the strain exceeds 0.15%, the cracks are difficult to increase. In order to avoid direct erosion of the abrasive on the substrate, a reasonable range of tension setting should be 0.15%-0.18% in the pretreatment process without acid descaling.
Introduction
During the hot rolling and subsequent cooling on the strip, the surface forms a dense, brittle oxide scale (commonly known as scales). Before the cold rolling or the galvanizing process, the strip must be completely removed to ensure the surface quality of the finished product [1] [2] [3] [4] .
Before the traditional pickling line and the more researched acid-free descaling production line, there is a pull straightening unit. After the pull-bending combination of the tension leveler, a large number of cracks and partial exfoliation are treated on the scale surface, which provides good conditions for pickling and acid-free descaling [5] [6] [7] .
According to those researches on scale cracking behavior under tension, Evans [8] believes that the evolution of internal defects in oxide layers under tension is the root cause of cracks, and based on fracture mechanics theory, the critical strain εc of scale cracking is proposed as:
) . π F Ec    (2) Here, γ is the fracture surface energy. Nagl and Evans [10] analyzed the relationship between the cracking behavior and the thickness of scales under tension and found that the cracking stress/strain decreases with increasing thickness. It is believed that the thicker the oxide layer is, the greater the defect length is. The experimental results are consistent with the theoretical derivation of Evans [8] and Robertson [9] . Chaudhuri and Rolls [11] conducted a large number of experiments on the gradual cracking process of the oxide layer under tension, and fitted a parabolic relationship between crack width and stress/strain, and pointed out that the generation of new cracks requires greater stress/strain on the substrate.
Zhang et al. [12] and Bian et al. [13] found that tension can cause significant cracking of the scale layer, and the spalling effect is not obvious. He et al. [14] based on the research results of Le et al. [15] and combined with the experiment of rolling stop, proposed the cracking model of the scale layer under rolling action. It is believed that the pressure bite of the roller causes the scale layer to be under tension, when the stress exceeds the critical value. Wang and Li [6] [7] analyzed the mechanism of tension and scale reduction in detail, and concluded that the extension rate should be 1%, continue to increase tension, and the effect of removing scales is not obvious, but it has a number of negative effects on safe production.
These studies mainly focused on the first cracking of the oxide layer, but the regulation of the continuous cracking caused by the tension increase has not been paid much attention. The fracture criteria of Evans [8] and Robertson et al. [9] are based on the existence of internal faults in the scales, but with the increase of cracks, the regularity of cracking and cracking in the absence of defects is not explained in detail. Chaudhuri and Rolls [11] also through experimental observations, it is proposed that the generation of new cracks needs to continue to increase strain, however, the reason and mechanism are not demonstrated.Wang and Li [6] [7] considered that the excessive expansion rate has no significant effect on improving the descaling effect, but did not improve theoretical analysis or experimental verification.
In order to improve the efficiency of acid-free descaling, the surface morphology of Q235 hot rolled strip was observed. The tensile cracking and evolutionary behaviors of the scales were analyzed by tensile tests to provide support for the parameter design of field tension.
The Scale cross-section observation

The Cross section observation experiment method
The experimental steel materials were taken from the Q235 hot-rolled strip of an iron and steel enterprise's actual production line with a width of 320 mm and a thickness of 3.5 mm. The following samples were taken from the middle of the original steel strip. The chemical composition is shown in Table 1 . A sample with a length and width of 10 mm was prepared by wire cutting. The surface of the sample was cleaned by an ultrasonic cleaning instrument, then washed with alcohol, dried and sectioned. The section was observed using a ZEISS ULTRA 55 scanning electron microscope. Fig. 1 is a cross-sectional topography of a Q235 scale layer observed by a scanning electron microscope. From the cross-section morphology of the scale layer, it can be seen that the scale layer formed on the surface of the hot-rolled strip is continuous and dense, with a uniform thickness of about 10 μm, and no obvious delamination, indicating that there is an obvious Fe3O4/Fe eutectoid structure. FeO in the layer will occur 4FeO = Fe3O4 + Fe eutectoid transformation [16] [17] . 
Experimental results
Tension test
Tensile test method
The tensile test specimen was taken by wire cutting. The length direction (tensile direction) of the specimen was the rolling direction. The specific shape and dimensions were as shown in Fig. 2 . The surface morphology of the tensile specimen was observed using a 4XB-TV metalloscope, and a specimen was selected without cracks to perform a tensile test. Apply specific strain to the sample using MTS Universal tensile testing machine. The displacement control is 0.01 mm·min-1. Hold 1 min after reaching pre-set strain. Remove the sample and wipe the surface with an alcohol swab, using 4XB -TV type metalloscope to observe the surface morphology. In the experiment, the strain ranged from 0.04% to 0.20% and the step size was 0.01%.
Fig. 2. Tensile specimen dimensions (unit: mm).
Experimental Results and Analysis
Protective layer
Oxide scale
Matrix Crack
The surface cracks of each sample were observed by 4XB-TV metallographic microscope (200 magnifications), and the cracks was counted in the region of 500 μm in width at the center of the pattern. Fig. 3 shows the relationship between the number of cracks and the strain of each sample in the experiment, and Fig. 4 shows the cracking microstructure of the oxide layer under different strains. From Fig. 3 and Fig. 4 , a strip of scaly oxide layer adheres to the surface of the strip, pits and pits are present on the surface; the cracks produced under tension are approximately linear and the direction is approximately perpendicular to the tension direction; as the tension increases, the increase of the scale cracks on the sample surface was slower, then fast, and later slower.
When the strain is 0.05%, cracks appear (two at the same time) on the oxide layer of the sample surface, as shown in Fig. 4(a) . As the strain continues to increase, the number of cracks begins to increase, the number of cracks increases slowly in the range of 0.05% to 0.07%, and there is no regularity in the position, and the crack spacing varies in size, as shown in Figs. 4(a) and 4(b) . When the strain reaches the range of 0.08% to 0.10%, the number of cracks increases sharply with the increase of strain, and the crack direction is approximately perpendicular to the tensile direction and the parallelism is good, as shown in Fig. 4(c) and Fig. 4(d) . When the strain exceeds 0.10%, the number of cracks changes little with strain continues to increase, and the crack spacing tends to be uniform, as shown in Fig. 4(d) and Fig. 4(e) . When the strain exceeds 0.15%, the number of cracks in the sample almost no longer increases and reaches saturation state, as shown in Fig. 4(e) and Fig. 4 
scale cracking regularity analysis
The fracture failure behavior of metallic materials under normal temperature tension has two main perspectives.
Fracture mechanics believe that there are micro-defects inside the material and crack growth under external force. When the critical stress σf reaches the critical condition of formula (3), the material cracks are generated [18] :
Here, E is the elastic modulus, γ is the surface energy, and c is half of the original microscopic crack length of the material.
The study of scale cracking by Evans [8] , Robertson and Manning [9] , Nagl and Evans [10] was based on the above formula.
The distribution of the oxide layer on the strip surface is relatively uniform and compact, but inevitably there are microscopic defects. The generation of primary cracks and subsequent cracks is caused by the growth of internal defects in the oxide layer under Fragment of oxide scale external tension. From equation (3), the primary cracks are generated at the maximum defect position, and the smaller defects are followed by cracking with increasing strain. The random defect positions leads to no regularity in the locations of these cracks.
Material mechanics theory are based on the fact that the material is homogeneous and flawless, and it is believed that the fracture failure occurs when the strain ε of a brittle material reaches its critical value εc [19] .
It is assumed that two cracks occur due to the microscopic defects of the oxide layer under tension, the scale layer between the two cracks is free of defects, both the scale layer and the strip steel matrix are continuous and uniform ideal material, and the mechanism and regularity of crack generation in the elastic deformation zone are theoretically deduced. Once the initial cracks are generated, the bonding surface of the scale layer and the strip steel matrix can be divided into two regions. One is the "load zone", and the matrix needs to transfer strain to the oxide layer; and the other is the "no-load zone" at the bottom of the crack. As shown in Fig. 6(a) and 6(b) , the "load zone" AB segment (initial width is a) and the "no-load zone" BC segment (initial width b) are selected as the study object, when the total deformation is λ, the λ1 of the "Load zone" AB section and the λ2 of the "no-load zone" BC segment should be satisfied:
In the formula, Eo is the Young's modulus of the scale layer, and Es is the Young's modulus of the strip steel matrix. At this point, the strain ε at the AB section of the "load zone" is ε=λ1/a. According to equation (4), the following can be obtained:
The strain ε increases with the total deformation λ. When the total deformation is increased to λ = λ0, the strain εAB in the "load zone" AB section reaches the critical strain εc, that is:
At this point, a new crack will be generated somewhere in the AB section of the "load zone". Assume that the crack in the natural state is still b, and the center of crack is located in the center of the AB section, as shown in Fig. 6(c) . The new "load zone" A1B segment deformation λ11 and the new "no-load zone" BC segment deformation λ21 at the moment of fracture should be satisfied:
The a1 is the natural state width of the A1B section of the "load zone" and satisfying a1=(a-b)/2.
The new "load zone" A1B segment should be:
After substituting equation (7), the derivation can be obtained:
Comparing with equation (6), it can be seen that ε'<εc, which indicates that the crack will reduce the strain in the "load zone" and slow down the formation of the next crack.
Defining η as the "load zone" deformation distribution rate,with (4), the following can be obtained:
(10) As shown in Fig. 6(d) , after the crack is generated n times, the distribution rate ηn of the AnB deformation in the "load zone" can be deduced similarly:
In this equivalent, an is the width of the latest "load zone" AnB segment in its natural state.
Based on the above results, it can be concluded that after the initial cracks are generated, as the stress/strain of the strip increases, the non-defective oxidized iron sheet cracks will continue to be generated. With the gradual generation of cracks, the width "an" of the latest "load zone" AnB natural state decreases, resulting in "load zone" deformation distribution rate ηn becomes smaller, in other words, the more cracks, the less deformation will be distributed in the "load zone". This will delay the further increase in the number of cracks in the "load zone".
In this experiment, when the strain is less than 0.08%, the number of cracks in the sample increases slowly with the increase of the strain, and there is no regulation in crack position and spacing. These cracks are generated by the growth of defects with different sizes in the oxide layer under tension. When the strain reaches the range of 0.08% to 0.10%, the cracks increases sharply with increasing strain, which is caused by a large number of non-defective oxidized iron sheet strains reaching the critical strain value and a large amount of cracking occuring along with the increase of strain. When the strain exceeds 0.10%, the number of cracks changes little with strain. This is because the number of cracks increases, so that the "load zone" deformation distribution rate ηn becomes smaller, resulting in an increase strain distribution less strain in the "load zone". When the strain exceeds 0.15%, the number of sample cracks is difficult to continue to increase, because the "load zone" deformation rate distribution ηn is already very small.
In addition, experiments were conducted to increase the tension of the specimen until the phenomenon of necking occurred. Select a flat surface at a distance of 15 mm from the constriction to perform wire cutting. Prepare specimens with a length and width of 10 mm. Clean the surface of the specimen with an ultrasonic cleaner, rinse with alcohol, and blow dry with a dryer. The surface of the sample was observed using a ZEISS ULTRA 55 scanning electron microscope to obtain a microscopic topography of the strip shown in Fig.7 . Fig. 7 . Microscopic appearance of strip after necking.
In Fig. 7 , the strip steel body reaches the yield limit under large tension, and its surface is still firmly attached to a large number of residual scale layers. This observation result is consistent with the above theoretical deduction. With the increase in stress/strain, the scale cracks gradually increase and accompanied with sapling. When a large number of cracks and spalling occur, it can be known from equation (11) that the deformation distribution
